Recently, a novel kinesin-like protein (KCBP) that is regulated by Ca 21 /calmodulin was isolated from dicot plants. A homolog of KCBP has not been reported in monocots. To determine if this motor protein is present in phylogenetically divergent flowering plants, Arabidopsis KCBP cDNA was used as a probe to screen a genomic library of maize, an evolutionarily divergent species. This screening resulted in isolation of a KCBP homolog. Comparison of the predicted amino acid sequence of the KCBP from maize (ZmKCBP), a monocot, with the previously reported KCBP sequences from dicot species showed that the amino acid sequence, domain organization, and gene structure are highly conserved between monocots and dicots. The C-terminal region of ZmKCBP, containing the motor domain and the calmodulin-binding domain, and the N-terminal tail, with a myosin tail homology region (MyTH4) and talin-like region, showed strong sequence similarity to the KCBP homolog from dicots. However, the coiled-coil region is less conserved between monocots and dicots. The ZmKCBP gene contained 22 exons and 21 introns. The location of 19 of the 21 introns of ZmKCBP is also conserved. The ZmKCBP protein is encoded by a single gene and expressed in all tissues. Affinity-purified antibody to the calmodulin-binding domain of Arabidopsis KCBP detected a protein in both the soluble and the microsomal fractions. The C-terminal region of ZmKCBP, containing the motor and calmodulinbinding domains, bound calmodulin in the presence of calcium and failed to bind in the presence of EGTA. The ZmKCBP, along with other KCBPs from dicots, was grouped into a distinct group in the C-terminal subfamily of kinesin-like proteins. These data suggest that the KCBP is ubiquitous and highly conserved in all flowering plants and the origin of KCBP predated the divergence of monocots and dicots. 567 
INTRODUCTION M
OLECULAR MOTORS ARE INVOLVED in a wide range of fundamental cellular processes, including intracellular organelle movement, cell division, motility, and muscle contraction (Langford, 1995; Hirokawa, 1998) . These motor proteins contain a specialized enzymatic domain called the motor domain that hydrolyzes ATP and uses the derived chemical energy to move along a cytoskeletal polymer (actin in the case of myosins, microtubules in the case of kinesin and dynein) (Hackney, 1996) . The myosin motors move toward the plus end of actin filaments (Brown, 1999) . The microtubule motors, on the other hand, are either plus-end directed (most members of the kinesin superfamily) or minus-ended directed (dynein family and C-terminal kinesins). In recent years, a large number of kinesins and kinesin-like proteins (KLPs) have been isolated from vertebrates (Brady, 1985; Vale et al., 1985; Moore and Endow, 1996; Goldstein and Philp, 1999) , invertebrates (Saxton et al., 1991) , and fungi (McCaffry and Vale, 1989) . The common feature of all kinesins and KLPs is a conserved motor domain (, 350 aa in length) with ATP-and MT-binding sites. Although most KLPs have their motor domains at the N terminus, some have their motor domains either at the C terminus or in the middle of the protein. Beyond the motor domain, different KLPs show little or no sequence similarity (Bloom and Endow, 1994) .
Although much is known about kinesins and KLPs in animals and yeast, little is known about these proteins in plants (Asada and Collings, 1997) . The first indication of the presence of microtubule-dependent motors in plants came from the finding that phragmoplast microtubules in tobacco BY-2 cells could translocate with respect to each other only in the presence of ATP or GTP (Asada et al., 1991) . Subsequently, using a mon-oclonal antibody raised against the kinesin heavy chain from bovine brain, a 100-kDa immunoreactive homolog was identified in extracts from pollen tubes of Nicotiana (Tiezzi et al., 1992; Cai et al., 1993) . A kinesin-related protein has also been isolated from a Golgi vesicle-enriched fraction from Corylus avellana pollen (Liu et al., 1994) . Using a PCR-based approach, three cDNAs (KatA, KatB, and KatC) encoding three KLPs with C-terminal motor domains have been isolated from Arabidopsis (Mitsui et al., 1993 (Mitsui et al., , 1994 . The KatA protein was shown to localize to the mitotic spindle and the phragmoplast (Liu et al., 1996) . A 125-kDa microtubule motor protein with plus-end-directed motor activity (TKRP125) was isolated from phragmoplasts of BY-2 cells (Asada and Shibaoka, 1994) . This protein was shown to colocalize with the preprophase band, spindle, and phragmoplast in cytokinetic cells, suggesting a role for this protein in the organization of the phragmoplast and in the movement of chromosomes in anaphase . In addition, a floral-specific KLP (KatD) has been identified in Arabidopsis (Tamura et al., 1999) .
Recently, a novel member (KCBP, kinesin-like calmodulinbinding protein) of the kinesin superfamily was isolated from Arabidopsis and other dicot species (Reddy et al., 1996a (Reddy et al., ,b, 1998 Wang et al., 1996) . Like other kinesins and KLPs, the KCBP has a motor domain, a stalk, and a tail domain. However, KCBP has two unique features, suggesting that it is a new member of the kinesin superfamily. First, unlike all known KLPs, KCBP contains a calmodulin-binding domain (CBD) following the motor domain. KCBP, a minus end-directed motor containing two distinct microtubule-binding sites (Narasimhulu et al., 1997; Song et al., 1997; Deavours et al., 1998; Narasimhulu and Reddy, 1998) , binds to either MTs or tubulin subunits in a calcium/calmodulin-regulated manner (Narasimhulu et al., 1997; Deavours et al., 1998; Narasimhulu and Reddy, 1998; Kao et al., 2000) . Another unique feature of KCBP, which has not been found in any known members of the kinesin superfamily, is that its N-terminal tail (aa 121-612) shows significant sequence similarity to a region referred to as MyTH4 (myosin tail homology 4) and to a talin-like region present in some myosins (Chen et al., 1996; Reddy et al., 1996a; Reddy and Reddy, 1999) .
Genetic and immunolocalization studies using antibodies specific to KCBP indicate a role for KCBP in trichome morphogenesis and cell division, respectively (Bowser and Reddy, 1997; Oppenheimer et al., 1997; Smirnova et al., 1998; Reddy, 2000; Vos et al., 2000) . A KCBP homolog has not been found in the completely sequenced genomes of S. cerevisiae and C. elegans. However, very recently, a calmodulin-binding KLP called kinesin C, a member of the C-terminal subfamily, has been isolated from sea urchin (Rogers et al., 1999) . The calmodulin-binding region of kinesin C shares 35% identity with the KCBP. However, there is no sequence similarity between kinesin C and KCBP outside the motor domain, suggesting that KCBP and kinesin C are two distinct calmodulin-binding kinesins. Genetic evidence suggests that KCBP interacts with at least three other proteins (Krishnakumar and Oppenheimer, 1999) . Recently, it has been shown that the N-terminal region of KCBP interacts with a protein kinase .
The uniqueness of KCBP among all KLPs and its role in trichome morphogenesis and association with plant-specific mitotic MT arrays raise many questions. First, is KCBP present in monocots, which are phylogenetically divergent from dicots? If it is, to what extent is it conserved between monocots and dicots? Finally, is KCBP coevolved with the origin of plantspecific MT arrays such as phragmoplast in plant cells? To address the first two questions, we have isolated a KCBP gene from maize, a representative of monocots, and shown that the amino acid sequence of KCBP, including the structural and functional domains, and the gene organization are highly conserved between monocots and dicots.
MATERIALS AND METHODS

Screening of genomic library
A maize genomic library was prepared from young seedlings. The DNA was partially digested with Sau3A, size fractionated, and cloned into the BamHI site of the EMBL-3SP6/T7 vector. Approximately 5 3 10 5 recombinant plaques were transferred to Hybond-N 1 (Amersham) membranes according to manufacture's procedures, and membranes were hybridized with a 32 P-labeled 812-bp cDNA of Arabidopsis KCBP that contained the cording region for the motor and calmodulin-binding domains (Reddy et al., 1996b) . Fourteen positive plaques from the first screening were plaque purified by two additional rounds of screening. Restriction analysis together with Southern blotting indicated that two clones contained the complete gene. Restriction digestion of the full-length clones with SalI/EcoRI and XbaI/SalI yielded two fragments, which were subcloned into pBluescript.
DNA sequencing and sequence analysis
Both strands of the genomic clones were sequenced by the dideoxy nucleotide chain-termination method using doublestranded DNA as a template. Primer walking was used to obtain the complete sequences of the clones. Sequence analysis was performed using the Sequencher and Mac Vector sequence analysis software (International Biotechnologies, Inc). Searches for sequence similarity were performed using the BLAST network service provided by the National Library of Medicine (http://www.ncbi.nlm.nih.gov).
Phylogenetic analysis
To determine the phylogenetic relations of Zea mays KCBP (ZmKCBP) with other C-terminal KLPs, the conserved motor domain of C-terminal motors was used in phylogenetic analysis. The motor domain of ZmKCBP (amino acids 823-1155) was aligned with 26 C-terminal KLPs retrieved from the kinesin database (http://www.blocks.fhcrc.org/, kinesin/index. html) by the Lasergene Megalign program using the clustal method. The aligned 27 taxa were used to build a phylogenetic tree with the PAUP (v. 4.0b2) heuristic search method with tree bisection-reconnection branch swapping (Swofford, 1993) . Bootstrap analysis with 100 random replicates was carried out using the heuristic method. DNA (10 mg) was digested with restriction endonucleases, electrophoretically separated in 0.8% agarose gel, and transferred to a nylon membrane (Hybond N; Amersham). The DNA was cross-linked to the filter by exposing it to UV light in a Stratalinker (Strategene). Radioactive probes were synthesized with an oligolabeling kit from Amersham using nanonucleotide random primers. A SalI/EcoRI fragment (6 kb) of ZmKCBP was used as a probe. Prehybridization and hybridization were performed at 65°C in a solution containing 0.5 M sodium phosphate and 0.7% SDS. Washing was done at 65°C in 0.13 SSC and 0.1% (w/v) SDS.
Northern blot analysis
Total RNA was isolated from 7-day-old maize seedlings using the TRIzol method (Life Technologies). Poly(A)
1 RNA was isolated using oligo(dT)-cellulose according to Sambrook et al. (1989) and electrophoresed on a 1% agarose gel containing 4% formaldehyde, transferred to a nylon membrane, and probed with a 32 P-labeled 1.3-kb ZmKCBP cDNA fragment that encodes the motor and calmodulin-binding domains. Hybridization was performed at 42°C in a solution containing 50% formamide, 53 SSPE, 53 Denhardt's solution, 0.1% (w/v) SDS, and salmon sperm DNA 100 ml/ml. Following hybridization, the membrane was washed with 0.13 SSC and 0.1% SDS at 65°C and exposed to X-ray film.
Reverse transcription-PCR
Total RNA from different tissues (roots, shoots, and whole seedlings) was isolated by the TRIzol method. Total RNA was treated with DNase and used as a template for RT-PCR. Total RNA (1 mg) was used to synthesize first-strand DNA with an oligo(dT) primer and avian myeloblastosis virus (AMV) RT in a 20-ml volume. Sense (59-ATACCTTGCAATCTGAACG-3 9) and antisense (59-CTAAAAAGTTCAGATGTGTGG-3 9) primers were used to amplify 1014-bp sequence from cDNA. The PCRs were performed in a final volume of 50 ml. The reaction mixtures were heated at 94°C for 4 min and cooled to 50°C, and Taq polymerase was added to initiate the amplification reaction. Thirty-five cycles of amplification were performed in an Eppendorf Mastercycler gradient, each consisting of 1 min of denaturation at 94°C, 1 min of annealing at 50°C, and 2 min of extension at 72°C. The amplified products were resolved by electrophoresis in 1% agarose gel, blotted onto a nylon membrane (Hybond-N), and probed with a 32 P-labeled fragment (SalI/EcoRI) of ZmKCBP.
Immunodetection of KCBP
Young maize seedlings were ground in liquid nitrogen and extracted in 50 mM Tris, pH 7.4, 5 mM dithiothreitol, N-a-Ptosyl-L-arginine methyl ester (TAME; Sigma) 10 ng/ml, and complete protease inhibitor cocktail. After spinning at 100,000 3 g for 20 min, the supernatant was collected and used for electrophoresis. Proteins were separated on an 8% SDSpolyacrylamide gel and transblotted onto a nitrocellulose membrane using a BioRad transfer cell. The filter was blocked with 3% gelatin in TBS (20 mM Tris, pH 7.5; 0.5 M NaCl) for 2 h at 30°C. After rinsing with TBST (TBS containing 0.05% Tween-20), the membrane was incubated with affinity-purified KCBP antibody (Bowser and Reddy, 1997) for 2 h at 30°C in TBS containing 1% gelatin. The membrane was then washed in TBST and incubated for 1 h at 30°C with alkaline phosphatase-conjugated goat antirabbit IgG (1:4000 dilution) in TBS containing 1% gelatin. Immunoreactive bands were detected colorimetrically by immersing the filter in substrate solution (Bowser and Reddy, 1997) . Soluble and microsomal proteins from 12-day-old Arabidopsis suspension culture were prepared as above with the following modifications. Extraction buffer was supplemented with 250 mM sucrose. Homogenate was spun at 12,000 3 g for 20 min, and the supernatant was centrifuged at 120,000 3 g for 1 h to obtain the soluble and microsomal fractions. The pellet (microsomal fraction) was washed with the extraction buffer, suspended in 13 SDS sample buffer, and boiled. Proteins from the supernatant and pellets were separated, transblotted, and detected with KCBP antibodies as described above.
Preparation of expression constructs
To express the C-terminal region of ZmKCBP containing the coding region for the motor and calmodulin-binding domains, we amplified a 1329-bp region by PCR using sense (59-GCA GAA TTC AAT GCT GAG GTT GAT AGC TTG C-39) and antisense (59-CCC AAG CTT AGT CAT GCG ATT GTC TGA TCT C-39) primers with restriction sites for EcoRI and HindIII, respectively. The amplified product was digested with EcoRI and HindIII and cloned into the pET 32a and pET 28a (Novagen) vectors. The recombinant plasmids were introduced into E. coli BL21 (DE3)pLysS strain. Expression was monitored by probing protein blots prepared from uninduced and induced cultures with affinity-purified KCBP antibody or biotinylated calmodulin (Fordham-Skelton et al., 1994; Bowser and Reddy, 1997) .
Protein induction and purification
Bacterial cultures were grown at 37°C to an OD of 0.6 and induced by adding isopropyl b-D-thiogalactopyranoside to a final concentration of 0.2 mM, and the culture was allowed to grow for 8 h at 30°C. Cells were harvested and resuspended in buffer A (50 mM Tris, pH 7.5; 150 mM NaCl) supplemented with protease inhibitor cocktail and lysozyme 200 mg/ml. The sonicated extracts were spun at 100,000 3 g, supplemented with 2 mM CaCl 2 , and loaded onto a calmodulin-Sepharose 4B column. After extensive washing with binding buffer (buffer A plus 2 mM CaCl 2 ), the bound protein was eluted with buffer A containing 2 mM EGTA. The eluted fractions were blotted and probed with KCBP antibody or biotinylated calmodulin in the presence of 1 mM CaCl 2 or 2 mM EGTA.
RESULTS
Recently, a novel calcium/calmodulin-regulated C-terminal motor (KCBP) has been isolated from three dicot species (Reddy et al., 1996a (Reddy et al., ,b, 1998 Wang et al., 1996) . However, a homolog of KCBP has not been reported in monocots. To determine if KCBP is ubiquitous in all flowering plants, we have screened a genomic library prepared from maize, a representative monocot. A partial cDNA that contained the coding region
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A (continued on next page) of the motor and calmodulin-binding domains of Arabidopsis KCBP (Reddy et al., 1996b ) was used as a probe. Fourteen positive clones were isolated after three rounds of screening. Restriction digestion analysis of the isolated clones indicated that all clones contained overlapping regions of the same gene. Two genomic clones that contained the complete gene, as judged by Southern blotting with 59 and 39 regions of Arabidopsis KCBP cDNA, were selected to generate subclones for sequence analysis.
Nucleotide sequence of ZmKCBP
The nucleotide sequence of the genomic clone and the predicted amino acid sequence of the ZmKCBP gene are available in GenBank under Accession No. AF223412. Analysis of the nucleotide sequence of the genomic clone using NetPlantGene (http://genome.cbs.dtu.dk/htbin/nph-webface), a program that predicts splice sites in plant genes, and comparison of the deduced amino acid sequence of ZmKCBP with its homolog from Arabidopsis, revealed the presence of 22 exons and 21 introns (Fig. 1A, B) . The predicted protein consists of 1204 amino acids with a calculated molecular mass of 138 kDa (Fig. 1A) . Comparison of the exons in maize and Arabidopsis KCBP showed that all exons except the first three have the same number of nucleotides/exon (Fig. 1A) . Three exons, which encode part of the tail region, are variable between the maize and Arabidopsis KCBP genes. There is a deletion in the first exon of ZmKCBP, and the third exon, which is the largest one in Arabidopsis KCBP (567 bp), is interrupted by an intron in ZmKCBP. The extra intron is 74 bp in length and is most likely an intervening sequence because: (1) all reading frames in this region have stop codons; (2) the predicted amino acid sequence in this region has no sequence similarity with other KCBPs; and (3) the intron follows the GU-AG rule for 59 and 39 splicing sites, and the percentage of prediction of splicing at the donor and acceptor sites is 100.
Although the length of the KCBP exons is conserved between monocots and dicots, the introns are highly variable in length (62-949 nt) in ZmKCBP compared with AtKCBP (76-320 nt). Unlike AtKCBP, where all introns are rich in A and T nucleotides (14 of 20 introns contain 70% or more AT) , all introns of ZmKCBP except the fourth have less than 70% AT content. High AT content is a feature of plant introns (Goodall et al., 1991) . Twenty introns have the conserved GU and AG dinucleotides at their 59 and 39 ends, respectively, thereby conforming to the GU-AG rule for 59 and 39 splice sites (White et al., 1992; Brown et al., 1996) .
Functional domains in ZmKCBP
Structural features of ZmKCBP based on its primary sequence are shown in Fig. 1C . Most kinesins have three distinct structural and functional domains: a globular tail, a coiled-coil region, and a motor domain. Exons 1 through 10 contained the coding region for the tail region. The coiled-coil region is encoded by exons 11 through 15, and the conserved motor domain is encoded by exons 16 through 21. The calmodulin-binding domain unique to KCBP and kinesin C is encoded by the last exon, suggesting that KCBP evolved by fusion of an exon coding for a calmodulin-binding domain with a KLP gene. We compared the deduced amino acid sequence of ZmKCBP with both AtKCBP from a dicot and the motor domain of kinesin C from sea urchin. The motor domain of ZmKCBP (aa 823-1155) shares about 79% similarity with the motor domain of its homolog from a dicot and about 51% with the motor domain of kinesin C. This motor domain contained the conserved ATP-binding sequence, as well as four other highly conserved peptide motifs in the motor domain of kinesin heavy chains . The coiled-coil region (aa 553-822) of ZmKCBP showed limited sequence similarity to AtKCBP (34.2%). This less conserved coiled-coil region spans about 22% of the KCBP; however, in kinesin C, the coiled-coil region spans about 70% of the protein (Fig. 1C) . Another domain that defines kinesin class specificity is the "neck" region: a 14-aa stretch that connects the conserved catalytic core with the less conserved coiled-coil "stalk" domain (Vale, 1987; Endow and Waligora, 1998; Sablin et al., 1998) . The neck sequence of ZmKCBP is identical to that of both AtKCBP and kinesin C. However, it displays a slight divergence from the neck of other C-terminal members (Saito et al., 1997) , suggesting that these KLPs are phylogenetically divergent from other C-terminal KLPs.
KCBP IS CONSERVED IN MONOCOTS AND DICOTS
The N-terminal tail region (aa 95-533) of ZmKCBP showed significant similarities to the MyTH4 (, 110 aa) and talin-like (, 350 aa) regions present in myosin VIIa and X (29% identity and 49% similarity in the MyTH4 domain and 29% identity and 49% similarity in the talin-like region of Homo sapiens myosin VIIa). The MyTH4 domain and talin-like region are characteristic features of KCBP and have not been found in any other members of the kinesin superfamily. With its myosin and talin features, KCBP is unique to plants and is highly conserved among flowering plants. The ZmKCBP also contains a 23-aa calmodulin-binding domain at its very C terminus (aa 1156-1179) that is similar to the calmoduolin-binding domain of AtKCBP and shares 35% identity with the calmodulin-binding domain of kinesin C. This specific domain is responsible for calcium-dependent calmodulin-binding of these KLPs (Reddy et al., 1996b; Rogers et al., 1999) .
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FIG. 2.
Evolutionary relation of ZmKCBP with other C-terminal KLPs; the phylogenetic tree was obtained using the PAUP (v. 4.0b2) heuristic search method with tree bisection-reconnection (TBR) branch swapping. Abbreviations and accession numbers for the proteins are as follows: Arabidopsis thaliana: AtKatA (D11371); AtKatB (D21137); AtKatC (D21138); AtKCBP (L40358); AtKatD (AF080249); AtT30B22.20 (AC002535); AtT32N15.10 (AC002534); AtT12M4.14 (AC003114); AtT9122. 
Evolutionary relation between ZmKCBP and other C-terminal KLPs
The amino acid sequence of the ZmKCBP motor domain was analyzed using PAUP to determine the evolutionary relation between ZmKCBP and all known C-terminal KLPs. Twenty-seven C-terminal KLPs from different species were used in our analysis. The phylogenetic tree obtained is shown in Figure 2 . The ZmKCBP falls into a distinct group within the C-terminal subfamily with other KCBPs from dicots and with kinesin C from sea urchin, reflecting their distinct structural features among all C-terminal motors. Within this group, ZmKCBP is closer to KCBP from dicots than to the kinesin C, with a percent similarity of 80 and 55, respectively.
ZmKCBP is encoded by a single gene and is expressed in all tissues
To determine the approximate copy number of ZmKCBP, Southern analysis of maize genomic DNA was carried out (Fig.  3A) . With each restriction enzyme digestion, the expected number and size of bands were detected, suggesting that ZmKCBP is encoded by a single gene. Low-stringency washes did not yield any additional bands, suggesting that the KCBP does not cross-hybridize with other kinesin-like genes. Consistent with this finding, a BLASTN search with ZmKCBP did not show any significant sequence similarity with other KLPs.
In poly(A) 1 RNA blot analysis, a single transcript of about 5 kb hybridized with the ZmKCBP probe (Fig. 3B) . To examine the expression of ZmKCBP in different tissues, RT-PCR was performed with DNase-treated RNA from root, shoot, and whole seedling. Sense and antisense primers that correspond to exon 11 and exon 17 were used to amplify the cDNA. The expected size fragment (1014 bp) was produced from all tissues (Fig. 3C) . These results, together with the RNA blot analysis of Arabidopsis, potato, and tobacco (Reddy et al., 1996a,b; Wang et al., 1996) , suggest that KCBP is expressed in all plant organs and that the mRNA levels vary, with the highest expression in actively dividing cells. Our RT-PCR data indicate that the introns between exon 11 and exon 17 do not undergo alternative splicing.
KCBP IS CONSERVED IN MONOCOTS AND DICOTS 573
FIG. 3. Southern blot and expression analyses. (A)
Southern blot analysis. Genomic DNA (10 mg) was digested with restriction enzymes (KpnI, NcoI, SstI, and SphI). The digested DNA was electrophoresed, transferred to a Hybond-N membrane, and probed with a 32 P-labeled 6-kb SalI/EcoRI genomic fragment. Molecular weight markers are shown at the left. (B) Northern blot analysis. Poly(A) 1 RNA was isolated from maize seedlings, electrophoresed, transferred to a Hybond-N membrane, and probed with 32 P-labeled 1.3-kb ZmKCBP cDNA. Numbers on the left indicate the molecular weight of 28S (4.7 kb) and 18S (1.9 kb) ribosomal RNA. Arrow indicates ZmKCBP transcript. (C) Expression of ZmKCBP. Total RNA from different tissues (root, shoot, and young seedling) was used as a template for RT-PCR. Amplified products were resolved by electrophoresis (left), blotted, and hybridized with 6-kb genomic fragment (right). Maize DNA (DNA) and total RNA (-Ve) were used as positive and negative controls, respectively. Numbers indicate the length of size markers (in kb).
The expression of ZmKCBP protein in maize was examined by immunoblot analysis using antibodies raised against the calmodulin-binding domain of Arabidopsis KCBP (Bowser and Reddy, 1997) . Two bands (, 104 and 92 kDa) were detected in total protein extract of young maize seedlings (Fig. 4A) . The molecular mass of the detected bands is smaller than the estimated molecular mass, which is about 138 kDa. It is likely that the smaller size of protein is due to degradation of KCBP, as it has been shown previously in other plants that KCBP is highly susceptible to proteolytic degradation (Bowser and Reddy, 1997; Smirnova et al., 1998) . Extraction of KCBP in the absence of protease inhibitors or delay in preparing blots results in a smaller band (75 kDa) with increasing intensity (Bowser and Reddy, 1997; Smirnova et al., 1998) .
KCBP is present in both soluble and microsomal fractions
Our previous studies have shown that KCBP is present in the soluble fraction and is highly susceptible to proteolytic degradation (Bowser and Reddy, 1997; Smirnova et al., 1998) . Hence, in most cases, the detected band is smaller than the calculated molecular weight of the protein. Because of punctuate staining of KCBP observed in some cases (Bowser and Reddy, 1997) , it is of interest to know whether KCBP is present in the microsomal fractions. To test this, we probed the soluble and membrane proteins with KCBP antibody. As shown in Figure  4B , a single band with a molecular size of about 140 kDa was detected in the microsomal fraction of Arabidopsis suspension culture. The band corresponds to the size of the predicted protein. On the other hand, a band with a molecular size of about 101 kDa was detected in the soluble fraction. These results indicate that KCBP protein is present in both the soluble and the microsomal fractions and that the KCBP in the microsomal fractions is protected from proteolytic degradation during extraction.
The C-terminal region of ZmKCBP binds calmodulin in a calcium-dependent manner
Analysis of the deduced amino acid sequence in the C-terminal region of ZmKCBP (see Fig. 1A ) showed a potential calmodulin-binding site (aa 1156-1179). In addition, ZmKCBP is recognized by an antibody raised against the Arabidopsis KCBP calmodulin-binding domain (Fig. 4) , suggesting that ZmKCBP is a calmodulin-binding protein.
To determine if ZmKCBP interacts with calmodulin, we expressed a 1329-bp cDNA that contained the coding region for the motor domain and putative calmodulin-binding domain in E. coli using pET 28 and pET 32 expression vectors and tested the bacterially expressed protein for its ability to bind calmodulin. Soluble and insoluble protein fractions from induced cultures showed the presence of a fusion protein that bound to biotinylated calmodulin (Fig. 5A) . Furthermore, the fusion protein was detected by AtKCBP antibody also (Fig. 5A) . The size of the fusion protein corresponded to the predicted size of the protein from the gene fusion. The fusion protein bound to a calmodulin-Sepharose column in the presence of calcium and eluted from the column in the presence of 2 mM EGTA. The eluted fractions bound to biotinylated calmodulin in the presence of calcium but not in the presence of EGTA (Fig. 5B) . The fusion protein in the eluted fractions was detected by KCBP antibody also. These results indicate that ZmKCBP is a calmodulin-binding protein and that the calmodulin binding is calcium dependent.
DISCUSSION
KCBP is highly conserved in monocots and dicots
A novel Ca 21 /calmodulin-regulated KLP was previously isolated and characterized from dicot species (Reddy et al., 1996a (Reddy et al., ,b, 1998 Wang et al., 1996) . Here, we have isolated a homolog of KCBP from maize (ZmKCBP) by screening a maize genomic library using an AtKCBP cDNA probe (Reddy et (Doyle and Hickey, 1982; Wolfe et al., 1989; Crane et al., 1995) , the predicted amino acid sequence of KCBP in dicots (Arabidopsis) and monocots (maize) is highly conserved (69% identity and 80% similarity). The highest degree of conservation was observed in the calmodulin-binding domain, motor, and tail domain, with 90%, 79%, and 76% identity, respectively. The coiled-coil region showed the least conservation (43%). The position of the intervening sequences is highly conserved, but the length of the introns is variable between monocots and dicots. Similarly, conservation of location and number of introns between the monocot and dicot actin gene was also reported (Shah et al., 1983) . Two variations were found in the N-terminal end of ZmKCBP, where 61 aa were deleted in the first exon, and the third exon was interrupted by an extra intron, which was not found in AtKCBP. Insertions and deletions have occurred during evolution of angiosperm genes (Qui et al., 1999) . These data suggest that KCBP of monocots and dicots may have evolved from a single common ancestral KLP gene before the divergence of monocots and dicots.
Cell division in plants differs from that in animals in some aspects. For example, plant cells form spindles in the absence of centrosomes. In addition, mitotic microtubule arrays such as the preprophase band and phragmoplast are unique to plant cells. (Baskin and Cande, 1990; Fosket and Morejohn, 1992) . In immunolocalization studies, KCBP was localized to the preprophase band, the phragmoplasts, the mitotic spindles, and the cell plate (Bowser and Reddy, 1997; Smirnova et al., 1998) . It will be interesting to know if KCBP coevolved with these plantspecific microtubule arrays or is ubiquitous in all eukaryotic systems. The observed conservation of KCBP polypeptide in phylogenetically divergent flowering plants and colocalization with plant-specific microtubule arrays prompted us to look for 
KCBP is a unique member of the kinesin superfamily
The structure of ZmKCBP, like that of KCBPs from dicots, has two unique features that distinguish it from other known KLPs. First, ZmKCBP contains a calmodulin-binding domain, a 23-aa sequence at the C-terminus, which is highly conserved in monocots and dicots (see Fig. 1A ). This calmodulin-binding domain is responsible for regulating the interaction of the motor domain with the microtubules in a Ca 21 -dependent manner (Song et al., 1997; Deavours et al., 1998; Narasimhulu and Reddy, 1998; Kao et al., 2000) . Kinesin heavy chains other than KCBP and kinesin C are not known to bind to calmodulin (Matthies et al., 1993; Reddy et al., 1996a; Rogers et al., 1999) . In the phylogenetic tree, kinesin C grouped with KCBPs from flowering plants. Outside the motor domain, there is no sequence similarity between KCBPs and kinesin C. One of two evolutionary propositions may explain the relationship between KCBPs and kinesin C. First, KCBP and kinesin C are not related, and the calmodulin-binding domain was added to both of them independently during the course of evolution; e.g., as a result of gene transfer (Smith et al., 1992) or domain swaps (Doolittle and Bork, 1993) , to perform specific Ca 21 /calmodulin-regulated functions. The supporting evidences for this suggestion is that the N-terminal region characteristic of KCBP in plants is not conserved in kinesin C. Also, fusion of the calmodulin-binding domain from Arabidopsis to the motor domain of C-terminal (Ncd) and N-terminal kinesin (DK) of Drosophila confers a calmodulin-binding property on these motifs (Kao and Reddy, unpublished results) . The second proposition is that the KCBPs and kinesin C are related KLPs but that there is domain insertion or deletion in the N-terminal region to carry specific cargoes or to confer specific functions. We cannot exclude either of these possibilities on the basis of analysis of these limited KCBP and kinesin C sequences. Isolation of similar calmodulin-binding KLPs from a number of phylogenetically divergent species should help us understand the evolution of these calmodulin-binding KLPs.
The N-terminal region of ZmKCBP, like that of dicot KCBPs, has MyTH4 and talin-like regions present in myosin VIIa and X. Therefore, ZmKCBP appears to be a molecular hybrid consisting of a motor domain from microtubule-based motors and a tail region of some actin-based motors (Reddy and Reddy, 1999) . It has been shown that myosin VIIa associates tightly with the membranes, probably through its talin domain (Girault et al., 1998) . Furthermore, a defect in the myosin motor (MYO2) could be complemented by the KLP, SMYI (Lillie and Brown, 1992) . Thus, it is possible that KCBP and myosins could interact with some unknown common proteins through their tail homology region to either cross-bridge microtubule and actin filaments or facilitate cargo exchange between these two molecular motors. There is direct interaction between microtubule-based kinesin and actin-based myosin (Brown, 1999; Huang et al., 1999) . It is becoming clear that several cellular transport events that are thought to be solely actin or microtubule based involve cooperative interaction between the two cytoskeletal systems (Brown, 1999) . Further characterization of the N-terminal region of KCBP is required to know the functions of these unique domains.
In conclusion, we describe the isolation and characterization of a KCBP homolog from Zea mays. In vitro binding studies show that ZmKCBP binds calmodulin in a calcium-dependent manner. This is the first KLP to be characterized from monocots. Our results demonstrate that KCBP is highly conserved in flowering plants in its gene structure, predicted amino acid sequence, and domain organization. These observations suggest that KCBP may have evolved from a single common ancestral KLP before the divergence of monocots and dicots. Isolation of KCBP from lower plants and algae is necessary to understand the evolution of KCBP and determine if it coevolved with plant-specific MT arrays.
